The hydrodynamic performances of fabric heartvalve protheses were measured and compared with other commercially available types of heartvalve prostheses. A prosthesis was manufactured by forming fabric to a geometry close to that of the native valve. In vitro performances of the prototype were evaluated using a pulse duplicator simulating the left side of the human circulatory system, with a 70 ml cardiac output at a constant heart rate of 70 beats/min under a mean diastolic pressure of 100 mmHg. Woven fabrics of different weaves, yarn structures (multifilaments and microfibres), saturation indexes, and rigidity were tested in terms of static and dynamic regurgitation, pressure drops across the valve, and dynamic behaviour. The results were found to be close to those expected for such a device and, in some respects (pressure drop), even better than those obtained with other prostheses in current use. The yarn structure and fabric saturation index seem to be important parameters in the development of a textile prosthesis. Thus, the tests showed that a plainweave structure with microfilament yarns and a reduced saturation index appears to be the fabric best suited for the valve application.
Introduction
Since 1952 and the first attempt by Hufnagel (Hufnagel, 1951) to replace a faulty human valve with a mechanical prosthesis, a large variety of artificial valves have been developed. There are currently two types of prosthesis that fit the needs of surgeons and that have worked well. Mechanical prostheses, such as the caged ball or tilting disc (mono or bileaflet) have proven to have good durability (Oxenham and Bloomfield, 2003) , but their use requires the patient to take anticoagulant medication over the long term, because of the high risk of thromboembolism. In addition, these valves are not adapted to small conduit diameters, because they lead to occluding. Biological valves (mainly porcine valves or valves obtained with bovine pericarde) with a central opening respect the hemodynamics of humans, carry less tromboembolic risk, and in general do not require anticoagulation. Their durability is nevertheless limited (Oxenham and Bloomfield, 2003) due to the degeneration of tissues and accelerated calcification, especially in young patients. Further tests with synthetic flexible prototypes made up of polyurethane (Jansen and Reul, 1992) , (Leat and Fisher, 1994) that respect the geometry of the native valve have shown promising results, but limited fatigue resistance to date.
The purpose of the present work is to test a new flexible prosthesis made up of fabric, which is expected to respect hemodynamics with a central opening associated with good fatigue resistance, for long-term durability. Textile materials also allow the prosthesis to have a very low degree of bending stiffness due to the discontinuity of the yarn structure (essential for good fatigue resistance and thereby for the durability of the valve cusps during the cyclical opening and closing phases), and good orthotropical traction stiffness (essential for bearing the stress on the diastolic membrane under closing pressure). At the same time, the non-smooth surface of the material, when manufactured with controlled porosity, should allow for the hoped-for but limited ingrowth of tissue, making the prosthesis completely biocompatible (Sigmund and Wesolowski, 1961). However, this aspect is not presented in this work. The fabric material is PET, which has been extensively used for vascular grafts and has been shown to be well tolerated in the bloodstream.
Materials and Methods

Manufacturing the prosthesis
The prothesis is obtained by forming a fabric tube on a forming support in a concentric way using three forming tools shaped as a valve in a semiclosed position, as described in Fig. 1 .
The formed fabric is then heated in a polyester vitreous transition temperature to fix the obtained geometry. The forming tool is shaped with the geometry of the valve in a semi-closed position (Fig. 2.) , which is the position of the native valve when there is no pressure on it. This geometry should respect the geometry necessary for the valve to function in a closed position (under pressure), as proposed by Swanson et al. (Swanson and Clark, 1974) . It should respect the following criteria:
-sufficient coaptation between the valve leaflets while the valve is closed (BC=0,1R for the native valve).
-minimum height of the overall valve to prevent blood stasis behind the valve cusps in an open position (h=1,1R for the native valve). -the continuously decreasing curvature from the centre of the valve towards the fixation of the cusps at the aortic wall in order to increase the fatigue life of the valve. A reduced curvature at the basis of each cusp will reduce the bending stiffness, while a more important curvature at the centre where the cusps come together will allow for good coaptation and good floodtightness. -The elliptical arc length of the tool between point A (the basis of the cusp) and point C (the centre of the valve) must be equal to the radial length of the valve cusp in a closed position defined as Lr = AB + BC.
-The ellipse trace must go through points A and C.
Respecting these conditions, the elliptical shape is characterized by a=1,24 R and b=1,12 R Three tools respecting this geometry are manufactured.
Definition of forming support
The forming support ( Fig. 1 and Fig. 3 ), on which the fabric tube is slid, is made up of two cylinders (upper and lower) separated with three pin rods, each arranged 120 ° from the other. The gab between the upper and lower cylinder is defined to avoid:
-the deformation of the free edge as well as redundant folding of the free edge (the λ value is defined with λ=0,3R). -a sufficient length of fabric in the radial direction to respect the elliptical shape defined previously (defined as h=1,1 R).
Therefore, the value finally obtained for the gap is 1,4 R.
To get the prototype tested in vitro, a sewing ring (realized with fabric as well) is adapted to the formed valve as represented in Fig. 4 .
Fig. 4. Prosthesis prototype obtained after forming process
The whole device is then moulded in a rubber tube three millimetres thick to reproduce the artery compliance. The goal is to test the prototype as a completely flexible stentless prosthesis.
Testing the prosthesis
Tested prototypes The in vitro testing of the prototypes is carried out in terms of static regurgitation, dynamic regurgitation, and the drop in pressure across the valve when it is opened. Two main aspects are analysed in this work.
First, the performances of different fabrics are compared to assess the influence of textile parameters on the in vitro behaviour of the prototype. The following parameters are taken into account:
-weave (satin weave, plainweave).
-yarn structure (microfibres, filaments).
-fabric saturation index (defined as the ratio count /count max in both the warp and weft directions). -fabric rigidity.
The samples used are described in Table I . 5 and Fig. 6 ). 
Leakage as a function of the static pressure head
The valve is inserted in an inverted position into location B. The reservoir above is filled with water up to a height of 2.45m (180 mmHg). Leakage flow (bloodflow through the valve under static pressure) occurs through the closed valve in the bottom reservoir. Regurgitation pressure is measured at P1 and leakage flow calculated from dp1/dt.
Dynamic regurgitation under pulsatile flow
The developed pulse duplicator used for these measurements simulates a left ventricle as described by Chambers et al. [7] . The flow is generated with a piston servo system generating a pulsatile flow with a 300ms systole (100ms accelerating time), corresponding to 35% of the duration of a cycle (at 70 beats per minute).
Compliance allows the mean diastolic pressure to be kept constant at 100 mmHg. Flow is measured with a Coriolis flowmeter. Flow tracing and pressure measurements are entered in a computer for data processing.
The valves are tested and compared for a cardiac output of 70ml at a constant heart rate of 70 beats/min under a mean diastolic pressure of 100 mmHg. The goal is to dynamically measure the backflow through the valve during diastolic time. This backflow corresponds to both the closing volume (the back volume during closing time) and the leakage volume (the back volume once the valve is closed), and is stated in terms of the percentage of the stroke volume.
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Results and Discussion
Influence of the textile parameters on the floodtightness
Leakage as a function of the static pressure head
One special feature of textiles is the porosity of the surface of the material because of its discontinuous structure in comparison with the smooth and continuous surface of the native valve. This porosity relates to the permeability of the material, and so will have a significant influence on the floodtightness of the device before the ingrowth of tissue takes place once the valve is implanted. We first analyse the static permeability of the different samples. We compare a biological valve with the fabric valves of different structures ( We observe that both the yarn structure (filaments or fibres, differing from the amount of elements in a yarn section) and the saturation index play a decisive role on the behaviour of the valve. The comparison between mcfib_112 and mcfib_72 shows that the higher the saturation index, characterized by the tightening of the yarns in the structure of the fabric, the lower the leakage across the prosthetic textile device. On the other hand the yarn structure of the microfibres (mcfib_72), compared to that of the filaments (mcfil_70), offers a larger lateral surface to fluid flow across the fabric due to the size and amount of the fibres in a yarn cross section. The corresponding drop in pressure across the fabric is thereby increased, and the prosthesis offers better global floodtightness. Nevertheless, fibres are more likely to separate from the yarn structure during working cycles, which could lead to possible stenosis in small capillaries. The best solution seems to be a yarn structure made up of a high number of microfilaments.
In terms of weave (Fig. 9) , when comparing a satin weave (a 125 saturation index) and a plainweave (a 112 saturation index) we note that even if the satin fabric yarn offers more lateral surface for flow (a 200 fibres/yarn section in comparison to 100 fibres for the plainweave), the floodtightness is lower. Therefore, due to a weave that is less tight, satin is more permeable. To reduce the static regurgitation of the prosthesis, the best fitted fabric structure seems to be the plainweave. Even satin is used for better tissue ingrowth for arterial grafts, in the field of heartvalves, the criteria are slightly different. On the one hand, the surface needs to offer as little permeability as possible, while on the other hand an excessive amount of tissue ingrowth could cause the cusps to become rigid, followed by a delay in closing. On the basis of these arguments, the plainweave structure seems to be the best adapted to heartvalve specifications.
Dynamic regurgitation under pulsatile flow
Under pulsatile conditions, not only should the permeability of the textile structure be considered, but also the rigidity of the device cusps. If the fabric is too rigid, a delay in closing will occur, as can be seen in the following graph (Fig. 10) , where the closing regurgitation volume is measured versus the rigidity of the fabric. In manufacturing the ideal fabric, the rigidity should be less than 0.01 gf.cm²/cm to obtain a regurgitation close to that of a reference prosthetic device like a pericardial valve (about 10%).
According to this observation, it will be necessary to find a compromise between the rigidity of the material and its floodtighness (the lower the permeability, obtained by tightening the structure of the fabric, the higher the rigidity). This aspect is underlined in Fig. 11 , where the dynamic regurgitation of two plainweave structures with different saturation indexes (both microfibre yarns) are compared with a satin microfibre weave. The fabrics tested are the ones already presented in Table I . We observe that increasing the saturation index (SI) of a plainweave leads to reduced leakage once the valve is closed. But an increased saturation index is realized by tightening the structure of the fabric, which increases its rigidity. Consequently, the closing time is delayed and the closing regurgitation is increased as well. Satin weave, on the other hand, in spite of its high saturation index value, offers good regurgitation properties because of a reduced rigidity due to a weave with longer floats, leading to a lower closing volume. But in vivo tissue ingrowth would stiffen the structure and modify the opening and closing behaviour of the prosthesis. The ideal weave seems to be the plainweave with a reduced saturation index.
Hydrodynamic performances of the textile prosthesis in comparison with other prosthetic devices
The goal of the tests is to compare the performance of a textile prosthesis (a plainweave polyester fabric woven with 8 µm microfibre yarns, f 100 per yarn section, is considered in this test) with that of other commercially available prosthetic devices, one biological (Mitroflow) and the other mechanical (Bileaflet). The porosity of the textile material induces a delay in the closing of the valve in comparison with a device made up of continuous material (bioprosthesis). However, the experience of using textiles to replace human grafts is that human tissue will grow into the pores of the material just after implantation. The same phenomenon should occur for a heartvalve but to a limited degree, by controlling the porosity of the material. Thus, a better closing performance can be expected for the device in comparison to the currently observed in vitro performance with no ingrowth of tissue.
Conclusion
A textile valve is manufactured with polyester fabric. The design and manufacturing process results in a three-cusp prototype with minimum deformation of the filaments, good coaptation of the cusps when the valve is closed, and a minimum overall height for the valve, thereby reducing the dead space behind the cusp. According to the results that were obtained, a fabric with a plainweave structure of yarns made up of microfilaments (about 8 µm diameter and a large number of filaments per section of yarn) seems to be the best adapted structure for a first approach.
Preliminary results with the fabric prosthesis show good hydrodynamic performances compared with those of commercially available prostheses. This valve concept may lead to an improved heart valve prosthesis that can be used without anticoagulation (due to the central opening) and with high durability. A further test of the first hand fatigue on the valve will be required to validate the durability of the valve. On the other hand, in vivo testing will show the influence between fabric porosity and thromboembolic deposits. It should then be possible to manufacture the valve so as to limit the ingrowth of tissue to the level needed for optimal floodtightness. 
